The local rewetting of paper during ink jet or offset printing causes small-scale permanent distortions in fibers and coating layers. In comparison to larger-scale rewetting through the thickness of sheets that can produce cockle and curl, relatively little is known about the magnitude and characteristics of this type of localized surface distortion. The present paper describes the use of an optical, noncontact surface profilometer to quantify the roughness changes and permanent swelling that accompanied local inkjet rewetting of various coated and uncoated papers. The optical profilometer data compared well with stylus profilometer and Parker Print-Surf measurements, but yielded additional information in the form of threedimensional surface maps. Changes in the average and rootmean-square roughness, skewness, kurtosis and surface height are reported for rewetting by individual 50 µm water droplets and lines printed by an inkjet. Surface height changes in excess of 5 µm and average roughness changes greater than 1 µm were found after 2-point line rewetting of uncoated papers. Various correlations were then explored between these data and the fiber-fiber bond strength, paper density and initial roughness, and the mass of rewetting water per unit area.
The phenomena of curl, waviness and cockle are largescale paper sheet distortions resulting from exposure to liquid or vapor-phase water (Uesaka 1991; Nanri, Uesaka 1993; Aspler, Beland 1994) . The causes include nonuniform water distribution, fibre swelling, weakening of fiber-fiber bonds, and release of internal stresses. Waterinduced roughening has also been studied on the sheet scale (Forseth, Helle 1998) using a laboratory blade coater to wet various base papers. They reported no change in sheet roughness on uncalendered papers but significant changes on calendered papers.
Fibre rising is one form of small-scale paper distortion that contributes to the roughening of paper sheets. Aspler and Beland concluded that it is caused by bond breakage, stress relaxation and fibre swelling. It increases as more water is applied and absorbed, as the contact duration increases, with increasing temperature and with increasing mechanical pulp content. Chemical pulps produce stronger interfiber bonds which reduce fibre rising (Aspler, Beland 1991) . Fibre rising and the corresponding sheet roughening can result in decreased print gloss and increased deposits on rubber blankets used in offset printing (Hoc 1989) . For example, coating TMP and LWC basestock with 5-8 ml/m 2 water decreased gloss by 50% and 15%, respectively (Skowronski, LePoutre 1985) . Others have observed similar trends in the changes in gloss, and have correlated increased roughness with increasing sheet thickness (Karnis 1995) . Relatively little work has been done to characterize the small-scale distortions resulting from highly localized surface rewetting by, for example, ink jet printing. In this situation, dry paper fibres surround and constrain the wetted area on all sides. There are two main challenges facing such experiments: the controlled application of microscopic quantities of liquid, and the measurement of the resulting changes in surface microtopography. Piezoelectric droplet generators, similar to those used in commercial inkjet printers, have been used to study the impact and spreading of microscopic liquid drops on paper (Oliver 1989; Oliver, Forsyth 1989) . Traditional techniques for measuring surface roughness, such as the Parker Print-Surf and the stylus profilometer, are not well-suited to very small areas or to the measurement of surface height changes due to localized swelling. They are also incapable of accurately measuring localized phenomena such as fibre rising (Hoc 1989) . One complication in assessing changes occurring after rewetting is the difficulty in accurately retracing exactly the same stylus track. Moreover, stylus measurements can be artificially low due to ploughing of the surface (Enomae, LePoutre 1995).
The present work had two main objectives: 1. Develop a methodology for using a scanning optical profilometer to measure changes in paper roughness and surface height as a result of localized inkjet rewetting with water. 2. Measure the localized rewetting distortions occurring on a variety of coated and uncoated papers and correlate the results with paper properties such as bond strength, density, initial roughness and mechanical pulp content.
Materials and apparatus
Nine types of commercial paper were tested as shown in Table 1 . The samples include several coated offset grade papers, a supercalendered grade, two sized sheets and three samples of newsprint. The TMP 2 was essentially the same as TMP 1 but had been more heavily calendered as evidenced by its higher density. These grades are used for web offset printing. The suppliers provided many of the paper properties, some of which are shown in Table 1 . The surface sized (SS) paper was designed for a wide range of printing applications (laser and inkjet, photocopy, fax) and had a starch surface treatment as well as an internal sizing. The internally sized (IS) paper was intended for offset printing and had an alkenyl succinic anhydride (ASA) sizing. Both the SS and IS papers were made from chemical pulps. The MWC, LWC, SC and NEWS papers (Table 1) were made from mechanical pulps. Paper samples were stored and prepared in a controlled Local rewetting and distortion of paper C.Q. Mao, M.T. Kortschot, R. Farnood and J.K. Spelt, University of Toronto, Canada environment at 50% ± 2%, relative humidity, 23 ± 1°C.
The rewetting liquid was a mixture of distilled water with 20% by volume Hewlett Packard (HP) black inkjet ink. This quantity of ink was added to make it possible to identify the locations of the rewetted areas under the optical microscope. Some experiments were also done with distilled water to confirm that the ink had a negligible effect on the results.
Liquid deposition was done using an HP 520 inkjet printer that had been modified to hold a glass microscope slide on which a paper sample was mounted. The standard HP 51625A black ink cartridge was emptied and rinsed using syringes and two small drilled holes, one at the top (this hole already existed but was covered with a plastic film) and one made in the lower side wall. The cartridge was then filled with either the water-ink mixture or pure distilled water and the holes were resealed with tape.
The optical profilometer was a WYKO NT-2000 having vertical resolution of 1 nm and in-plane resolutions ranging from 2 µm with a 1200 x 900 µm field to 0.1 µm with a 60 x 40 µm field. The instrument is a scanning Mirau-type interferometric microscope that digitizes each field sequentially (736 x 480 matrix) as it steps vertically through a range of focal planes. The result is a three-dimensional digital contour map of the surface, from which a wide variety of roughness and average surface height data can be obtained on a very small scale.
Comparative surface roughness measurements were also made with a Parker Print-Surf (by the paper supplier) and with a Surtronic 3+ (Taylor Hobson Ltd.) stylus profilometer with a tip radius of 5 µm. This profilometer had an in-plane resolution of 0.5 µm over an 8 mm scan length with an out-of-plane resolution of 10 nm.
Experiments

Evaluation of WYKO Roughness Measurements
Scanning interferometry can be affected by the reflective properties of the surface. It was therefore, essential to establish that the surfaces of the paper fibres were accurately located by the instrument. Specimens of each paper (Table 1 ) were fixed to glass microscope slides (76 x 26 mm) using double-sided adhesive tape. The WYKO scanning interferometer (SI) was used to scan six locations on each slide with a scanning depth of 100 µm and a 603 x 459 µm field. A median pass spatial smoothing algorithm was used to filter spurious data points. This filter set the center height of a 3 x 3 moving sampling window to be the median of the 9 heights within the window. Software was also employed to eliminate the effect of sample tilt. The stylus profilometer was then used with different samples of the same papers to obtain ten 8 mm linear scans in each of the machine and cross-machine directions.
Rewetting
In order to use the SI to measure changes in the paper surface height, it was necessary to have a fixed reference surface in the fields taken before and after rewetting. Attempts to use nominally dry areas of the paper closely surrounding the rewetted areas failed because of water diffusion from the latter. A 10 x 3 mm smooth flat steel sheet, 30 µm thick (shim stock) taped to the paper sample provided a stable reference height. As shown in Fig. 1 , the steel was masked prior to printing and the paper samples were fixed to the glass microscope slide using double-sided tape and a Post-It Note(tm) (3M Inc.). The latter has a relatively compliant adhesive that maintained the flatness of the paper specimens without overly constraining them.
Two types of rewetting were examined: 50 µm diameter droplets and 2-point lines (both produced using Word 97, Microsoft Inc.). For both experiments, the microscope slide with the paper sample was accurately clamped against fixed stops on the SI stage and a "dry" field (603 x 459 µm) was scanned so that approximately one-third of the field contained the reference surface. The slide was then removed and positioned in a slot that had been machined in the printer. For droplet rewetting, a 20 x 3 array of dots (a period in font number 1 of Microsoft Word), each separated by 300 µm in the length and width directions, was printed at the edge of the mask covering the shim, while for line rewetting, a 2-point line 5 mm in length was printed parallel and very close to the edge of the mask. After a 10 minute drying period, the slide was again clamped to the stops on the SI stage and the original field was scanned again. The same two areas were then selected (framed as a subarea in the overall field) for analysis on the original dry scan and on the printed scan; one on the reference surface and one in the area that was rewetted. The printed array of dots ensured that at least one dot (rewetted area) could be found in the overall field. The change in surface height could then be determined as the change in the difference between the average surface height in the rewetted zone and that of the fixed reference surface. In the case of droplets, the framed subareas on the reference surface and on the rewetted area were each 80 x 80 µm. For lines, the framed subarea on the rewetted line was 320 x 320 µm (entirely on the line) and on the reference surface it was 360 x 100 µm. By weighing the ink cartridge before and after printing a large number of dots or lines it was determined that each dot was 0.0416 µg and that the 2-point line had a liquid coverage of 10.22 g/m 2 . Table 2 gives the average wetted diameter measured on each paper as a result of the impact and absorption of a 50 µm droplet of ink-dyed water. The corresponding liquid coverage (mass of water absorbed per unit area) was calculated using the mass per drop given above. These amounts of water per unit area are comparable to those used in ref. (Hoc 1989; Skowronski, LePoutre 1985; Karnis 1995) during investigations of fiber rising and roughening due to offset printing and coating.
Comparisons of 2-point line rewetting with the inkwater mixture and pure distilled water on MWC-WO and TMP 2 showed no discernible differences at the 95% confidence level in the average changes in surface height, R a and R q produced by the two liquids. Ra and Rq are defined over a plane as:
where, L and W are the length and width of the measured field, Z xy is the local surface height and Z 0 is the mean surface height.
Finally, the effect of rewetting volume was also investigated on three types of paper by printing the 2-point line twice in the same location.
Fiber-Fiber Bond Strength
Following the method of (Skowronski, Bichard 1987) , 120 x 25 mm paper samples were taped to a 100 mm diameter freely rotating wheel and then delaminated in the machine direction of the sheet by pulling on a second tape bonded to the paper at 20 mm/min. The area under the resulting force-delamination length curve was taken as a measure of the effective interfibre bond breaking energy.
Results and Discussion
Evaluation of SI Roughness Measurements
The averages and standard deviations of the scanning interferometer (SI), stylus profilometer and Parker PrintSurf (PPS) measurements are shown in Table 3 . The PPS data were provided by the paper suppliers. At the 95% confidence level, the SI and stylus values are the same (standard deviations were not available for the PPS data). The TMP 2 sample is smoother than TMP 1 because it is more heavily calendered. Similarly, the SC paper is among the smoothest, approaching the values of the coated papers. Thus the measurements of average roughness over a relatively large and uniform area of paper are consistent among the SI, stylus and PPS.
Roughness statistics can also be a function of the size of the measured area. In the present case, R a was measured for the seven papers using the SI with six subareas of different sizes taken within the same scanned field. In all but two cases, R a was independent of the size of the area, showing only a small decrease when the area was reduced to 80 x 80 µm, approaching fibre dimensions. There was a slight increase in apparent R a with field size for LWC-WO and TMP 2; however, R a for the largest area (603 x 459 µm) agreed with the stylus profilometer scan over 8 mm. It was also noticed that, for all samples, the standard deviation of the R a measurement decreased with increasing scan area, becoming approximately constant at fields larger than 320 x 320 µm; ranging from 0.5 µm for TMP 2 to 0.05 µm for MWC-WO. This reflects the lessening influence of fibre-scale topographic changes. For example, for the 320 x 320 µm field, the average standard deviation in R a was 0.11 µm (N = 6) for the three coated papers and 0.2 µm for the 80 x 80 µm field. For the six uncoated papers the respective average standard deviations were 0.34 µm and 0.7 µm. The repeatability of the SI roughness measurements and the slide positioning on the stage was checked by repeatedly installing and measuring a TMP 1 sample. In this case, the field was 603 x 459 µm and the analysis frame was set at 320 x 320 µm. Ten repetitions produced the following standard deviations as a percentage of the mean: R a -0.5%, R q -1.1%, R sk and R ku -1.6%, average surface height relative to reference plane -0.3%. Thus repositioning and remeasurement introduced negligible errors, and changes in local surface roughness after rewetting could indeed be attributed to the effects of the rewetting. Fig. 2 and 3 show the changes in R a and R q (root-meansquare roughness), ∆R a and ∆R q , respectively, as a result of 2-point line and droplet rewetting, respectively, for the nine samples. The data points represent the average of ∆R a and ∆R q for six separate fields taken on a single paper specimen, and the standard deviations are shown for ∆R a . As expected there was considerable variability in ∆R a over the six separate measurement fields for a given paper. It was also expected, given the discussion in the previous section, that there would be greater inherent variability associated with the 80 x 80 µm scanning field used with droplet rewetting (Fig.3) as compared with the variability inherent with the 320 x 320 µm field used to analyze the 2-point lines (Fig. 2) . The values of both ∆R a and ∆R q were significant at a confidence level of 95% or greater (t-test) in all cases shown in Figs. 2 and 3 with the exception of 50 µm drop rewetting of LWC-RG and ∆R a after droplet rewetting of MWC-WO (only ∆R q was significant). Table 4 shows a pairwise comparison of the probability that ∆R a was significantly different among the various papers; for 2-point line rewetting 53% of pairs were different with a probability >90% while for the droplet rewetting the figure was 44% of paper pairs.
Rewetting
Generally, Figs. 2 and 3 indicate that the papers could be viewed in three groups: the three coated papers had the smallest change in roughness even though they were made of mechanical pulps, followed by the two sized and the supercalendered paper, with the newsprint and the two TMP papers having the largest change in roughness. Two factors influenced these results: (i) the stability of the paper surface, and (ii) the amount of spreading affected the liquid coverage ( Table 2 ). The greater the Fig. 2 . Change in R a and R q measured on different papers after 2-point line rewetting with ink-dyed water (20% ink). Data points represent average of ∆R a and ∆R q for six separate fields taken on a single paper specimen, and error bars (± 1standard deviation) are shown for ∆R a . Fig. 3 . Change in R a and R q measured on different papers after 50 µm droplet rewetting with ink-dyed water (20% ink). Data points represent average of ∆R a and ∆R q for six separate fields taken on a single paper specimen, and error bars (± 1standard deviation) are shown for ∆R a . coat weight, the smaller the absolute values of ∆R a and ∆R q , as seen with the MWC-WO compared with LWC.
However, this may have been due to the greater spreading in MWC-WO compared with LWC-WO and LWC-RG, which caused a smaller liquid coverage on MWC-WO ( Table 2 ). In contrast, the papers with relatively large surface and internal sizing, IS and SS, inhibited water wetting and penetration, thereby creating a high liquid coverage ( Table 2) , but yet had only moderate roughening in absolute terms. The papers NEWS, TMP 1 and TMP 2 had amongst the lowest liquid coverages ( Table 2 ) but displayed the largest roughening.
The magnitude of ∆R a compared with that of ∆R q reflects the nature of the surface changes caused by rewetting. Eq. [2] shows that R q is the standard deviation of the distribution of profile heights about the mean surface, and that for a Gaussian distribution R q /R a = (π/2) 0.5 ≈ 1.25. R q tends to increase as the surface becomes more jagged with more pronounced peaks and valleys, because the differences from the mean surface height are squared. The results of Figs. 2 and 3 indicate that after rewetting R q increased more than R a for all papers, and that the differences were larger for uncoated than for coated and sized papers. This means that roughening in uncoated papers was characterized by the creation of a higher proportion of extreme peaks and/or valleys. This is consistent with the rise of fibres after rewetting (Hoc 1989) . For the nine papers, the average R q /R a before and after 2-point line printing was, respectively, 1.29±0.16 and 1.27±0.12 (± one standard deviation based on 54 data points; six for each paper). Hence, to a close approximation, the paper surfaces exhibited a Gaussian distribution of profile heights both before and after rewetting.
The magnitudes of ∆R a and ∆R q were proportional to the volume of rewetting liquid, since larger changes were noted with 2-point line rewetting compared with the 50 µm drop. This was confirmed by comparing the effects of a single 2-point line and one that had been printed twice in exactly the same location. Table 5 shows that ∆R a , ∆R q and the change in surface height, ∆H, all became larger as the rewetting volume per unit paper area was doubled. As mentioned above, a similar effect has been reported previously for fiber rising and roughening (Aspler, Beland 1994; Hoc 1989; Skowronski, Lepoutre 1985) . Fig. 4 shows ∆R a for each paper and type of wetting as a percentage of the original R a . As expected, rewetting with the 2-point line produced much larger relative changes in roughness than those produced by the 50 µm drop, particularly with the supercalendered and coated papers. The percentage changes in roughness (15-70%) are similar to those found in refs. (Skowronski et al. 1988; Skowronski, LePoutre 1985) where entire sheets of a commercial LWC basestock and a TMP newsprint were wetted and then dried. They are also similar to the roughness changes reported for a variety of mechanical pulps (Karnis 1995) .
Two additional roughness statistics were examined; the amplitude parameters skewness, R sk , and kurtosis, R ku , defined as:
where, R q is root mean square roughness, Z i is the local surface height and Z 0 is the height of the mean line or mean surface.
R sk provides a dimensionless measure of the symmetry of a profile about the mean line (Thomas 1999) . Larger positive values of R sk result from surface profiles with proportionately more peaks above the mean line, while increasingly negative values indicate that deep valleys are dominating. R ku is a dimensionless measure of the distribution of the profile heights (normalized by the fourth power of the standard deviation), with a purely Gaussian distribution giving R ku = 3. Values less than 3 indicate that the probability distribution of profile heights is flatter than a Gaussian distribution with the same standard deviation (the surface has a wider distribution of heights with less tendency toward a central average), while values greater than 3 indicate a narrower than Gaussian probability distribution (the surface is dominated by surface heights within a relatively narrow range). Fig. 5 shows the skewness before rewetting and the change after rewetting for the different papers (based on same six fields as analyzed in Figs. 2 and 3) . The coated and supercalendered papers were dominated by features below the mean surface ("holes") while the Table 4 . Significance of differences between average change in R a for papers of Figs. 2 and 3 based on t-test. Probability of difference between papers: ** >95%, * >90%. First entry in each cell refers to 2-point line, second entry refers to 50 µm drop.
newsprint, sized and TMP samples had a preponderance of features above the mean surface ("peaks"). TMP 2, which was more heavily calendered, had a smaller initial R sk than TMP 1, as might be expected since the surface will be flatter. The larger sampling area used with 2-point line rewetting tended to emphasize the presence of holelike features in some cases, since R sk was smaller.
Rewetting with both 50 µm droplets and 2-point lines increased R sk for all papers, indicating the generation of features above the mean surface. This is again consistent with fibre rising. Interestingly, the largest changes tended to occur in the coated, supercalendered and sized papers. It is known that rewetting can release internal fibre stresses in supercalendered papers leading to fibre rising (Aspler, Beland 1994; Skowronski et al. 1988 ). Fig. 6 shows the kurtosis before rewetting and the change after rewetting for the different papers and different types of rewetting. In most cases the value is greater than 3 signifying a narrower-than-Gaussian distribution of surface height features (Fig. 6a); i.e. the surface was characterized by a greater regularity of feature heights than would be expected on the basis of a Gaussian distribution having the same standard deviation. Rewetting by both the droplet and the 2-point line caused a decrease in R ku , meaning that the distribution of surface heights became more Gaussian; i.e. rewetting widened the distribution of profile heights on the paper. The decrease in R ku was smallest among the coated papers (they retained more of their original structure) and greatest amongst the other papers. Fig. 7 shows that the change in average surface height for the different papers was always greater after rewetting with the 2-point line than the 50 µm drop. As seen with ∆R a and ∆R q (Figs. 2, 3 and Table 5 ) the magnitude of the change after rewetting was directly proportional to the volume of liquid deposited. The overall trend of the data was also similar to that seen in Figs. 2 and 3 ; generally smaller amounts of irreversible swelling were recorded with the coated papers while the others showed comparable amounts. Supercalendered paper showed the largest changes in surface height, probably due to the release of internal stress upon rewetting. Overall, the change in average surface height did not correlate strongly with an increase in R a after rewetting. Among the NEWS and TMP papers, the change in surface height did increase with increasing percentage change in R a (Fig. 4) . This agrees with the trend reported in refs. (Skowronski et al. 1988; Skowronski, LePoutre 1985) for newsprint and basestock sheets that were entirely wetted; the percentage change in paper thickness increased as the percentage change in roughness increased, and both the changes in roughness and thickness were directly proportional to the volume of water applied. Table 6 shows the specific work of delamination of the uncoated papers, which is taken here as a measure of the interfiber bond strength. The values for newsprint, supercalendered and TMP samples were similar. The surface sized paper had a much greater bond strength.
The change in surface height was examined as a function of four parameters: liquid volume, W, paper density, ρ interfibre bond strength, T b , and initial R a . Although there was a large amount of variation in the data, three trends were consistent among coated and uncoated papers for the two types of wetting: 1. With increasing initial roughness, the height change after rewetting tended to increase among the coated papers and to decrease in the uncoated papers (Table 7) with both the 2-pt line and the 50 µm drop. 2. With increasing paper density, the height change tended to become smaller with the coated papers and larger with the uncoated papers ( Table 7) . 3. Among the uncoated papers, the permanent change in surface height decreased for both types of wetting as bond strength increased. A dimensional analysis with these four parameters (W, ρ,T b , R a ) suggested the following relationship for the change in surface height, ∆H:
where k is a dimensionless constant and g is the acceleration due to gravity. W was taken as 10.2 x 10 -3 kg/m 2 for 2-point line rewetting or as the values given in Table 2 for 50 µm drop rewetting. Fig. 8 shows the predicted values of ∆H/k from Eq. [5] plotted against the measured ∆H for the two types of wetting. Since bond strength, T b , was not available for the three coated papers, a constant value of 45 J/m 2 (equal to the value measured for supercalendered paper) was assumed in Eq. [5] ; therefore, T b did not contribute to the correlation trend among the coated papers. The correlation coefficients among the coated papers were relatively high for both types of wetting, although there were only three data points spread over a relatively small range. Much weaker correlations existed for the uncoated papers, particularly for the 2-point line, and the slope of the regression line was negative. More data over a wider range of paper properties are required to determine whether these trends are correct.
Conclusions
An optical, noncontact surface profilometer has been used to measure the roughness changes and permanent swelling that accompanied local inkjet rewetting of various coated and uncoated papers. The average roughness measured with the optical profilometer compared well with that obtained using the stylus profilometer and the Parker Print-Surf. Changes that occurred in average and root-mean-square roughness, skewness, kurtosis and surface height are reported for water rewetting by individual 50 µm droplets and lines printed by an inkjet. Permanent surface height changes in excess of 5 µm and average roughness changes greater than 1 µm were found after 2-point line rewetting of uncoated papers. The permanent height change after rewetting tended to increase with amount of water applied. With increasing initial R a , the height change after rewetting tended to increase among the coated papers and to decrease in the uncoated papers with both the 2-pt line and the 50 µm drop. With increasing paper density, the height change tended to become larger with the uncoated papers. Among the uncoated papers, as bond strength increased, the permanent change in surface height decreased for both types of wetting. The high resolution of these optical measurements makes it possible to assess the influence on inkjet print quality of the change in paper roughness and other characteristics that results from the rewetting.
